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Abstract Mechanical characterization of steel frame structure after ﬁre are ana-
lyzed based on ﬁre dynamics, heat transfer theory, structural mechanics, and ﬁnite
element theory. We study the temperature characteristics and mechanical prop-
erties of steel frame structure under different ﬁre locations and propose a safety
evaluation method. We also analyze damage level of main frame components,
maximum temperature of ﬁre, thermal characteristics of frame components, ﬁr-
ing duration, etc. to provide useful information for ﬁre resistance design of the
steel frame structure and post-disaster safety evaluation.
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Safety evaluation and reinforcement in the reinforced concrete structure and steel structure
are widely applied nowadays. However, it lacks of systematic research. Only site visit combining
with technical data in related references and surface damage level of material are considered in
currently safety evaluation. Appraisal conclusion depends largely on the evaluator’s experience,
and such kind of evaluation does not match the modern design theory and detection technology.
Few researches1–9 can be found on how to systematically evaluate the safety level of steel frame
structure after ﬁre. This study proposes a safety evaluation method for steel frame structure and
provides some guidance information for ﬁre resistance design and safety assessment post-disaster.
Temperature ﬁeld of steel frame in the building is normally assumed to has a uniform or linear
distribution in the thermal analysis. However, temperature distributions of frame components can
be quite different under elevated temperature in a ﬁre. In this paper, thermal analysis of a plane
frame is performed using ANSYS software and the standard time-temperature curve (ISO-834
Curve) selected for the ﬁre modeling.
At elevated temperature, failure criterion of steel frame’s bearing capacity can be analyzed
from two aspects: local damage of frame component and general failure of steel frame. Steel
frame structure is deemed to have failed when one of the following criteria, divided into these two
aspects, is exceeded.10,11
Criterion I Deforming rate of frame component exceeds dδ/dt  l2/(15h) (component
loses its stability bearing capacity).
Criterion II Deformation of frame component exceeds δ  l/20 (component loses its stabil-
ity bearing capacity). Here δ is maximum deﬂection of component, l is length of component, h is
a)Corresponding author. Email: sunqiang@ahjzu.edu.cn.
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height of component’s cross section, and t is time of combustion.
Criterion III Integral deformation of steel frame exceeds δ/h  1/30 (structure loses its
general stability). Here δ is inter-story drift and l is height of the overall framework.
In this work, a plane frame ﬁxed on the ground and having 4 layers and 3 spans (as shown in
Fig. 1) is studied, and its height is 15.3 m and has a column spacing of 6 m. Lateral supports are
provided to all columns of the frame on both left side and right side. Concentrated load is assumed
to be imposed on the top of column, and the outside load and inside load of lateral column are 80
and 160 kN. A uniform load of 27 kN/m is imposed to all beams. Beam and column all have an
I-shaped cross-section and their sizes are listed in Table 1.
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Fig. 1. Schematic of steel frame model under ﬁre.
Table 1. Beam and column size of steel frame.
High/mm Wide/mm Flange/mm Web/mm
Beam 600 300 20 12
Column 500 360 20 14
The ﬁre is supposed to happen in a ﬁreproof compartment (Mode 1 or Mode 2 as shown in
Fig. 1) and the ﬁre duration is 15 min. In both modes, beam and column are heated directly except
the top ﬂange of beam and outside edge of column. We also assume the ﬁreproof compartment
is capable to prevent the ﬁre spreading to other rooms, even without the coating effects of steel
frame surface.
Temperature and displacement of the plane frame are analyzed using ANSYS software based
on the engineering condition described above (Mode 1 and Mode 2 in Fig. 1). Figure 2 shows
that displacement in X direction at the beginning (t = 0, so-call static displacement) is small
and in the safe range. With heating growing, steel component gradually loses its strength and
lateral displacement becomes larger and larger with plastic hinge coming out and rapid dropping
of lateral rigidity.
Comparing to other parts of beam and column, displacements of beam-column joints in X
direction (Fig. 3) show great different thermal characteristics due to the temperature variation.
This makes beam-column joints the weakness of steel frame.
Static displacement of beam-column joint in Y direction (as shown in Fig. 4) is also small
and in the safe range. When the heating grows, stiffness and bearing capacity of steel component
decrease gradually and deﬂection becomes larger and larger.
Figure 5 shows that deforming rate of beam is low before 600 s. Due to the continuous
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Fig. 2. Displacement in X direction in Mode 1.
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Fig. 3. Displacement in Y direction in Mode 1.
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Fig. 4. Displacement in X direction in Mode 2.
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Fig. 5. Displacement in Y direction in Mode 2.
accumulation of plasticity and loss of bearing capacity, deforming rate increases more and more
quickly after 600 s, showing as rapid development of deﬂection.
The following facts can be concluded from comparisons between Mode 1 and Mode 2, as
shown in Figs. 6 and 7. (1) It seems inﬂuences to the steel frame and the frame components under
different ﬁre locations are basically same. With increasing temperature, plasticity of the steel
frame constantly increases and ﬁnally causes frame’s destruction. (2) Plasticity development in
Mode 1 is faster than that in Mode 2. Before 400 s, changing rates of deﬂection in Mode 1 and
Mode 2 are almost equal and the plasticity deformation has not obviously shown up yet. After
400 s, plastic deformation occurs and the changing rate in Mode 1 is faster than Mode 2.
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Fig. 6. Deﬂection of beam under different ﬁre
locations.
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Fig. 7. Displacement of column in X direction
under different ﬁre locations.
Above analysis techniques can be used to evaluate the safety level of steel frame. The pro-
posed safety evaluation method includes the following factors and procedures: site visit and ac-
counting on the number of comburent,12 calculation of ﬁre load density13 and the duration time,11
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Fig. 8. Safety evaluation method and procedure of ﬁre steel frame.
estimate of the ﬁre temperature,14 thermal analysis of steel frame under thermo-mechanical loads,
and safety evaluation of steel frame, as shown in Fig. 9.
Analysis of an instance project of ordinary steel framing residential building is given below.
The ﬁre source is located in the master bedroom and the whole structure is not destroyed.
Onsite survey shows that the building compartment is 4.2 m (width) × 6.0 m (length) with a
height of 3.3 m, and the sizes of beam and column are listed in Table 1. The ﬁre is caused by a
burning cigarette ending in the rubbish bin. There are some wooden furniture, textiles (mainly
cotton), plastic decoration, carpet, paper, leather clothing, etc., in the compartment. Doors and
windows are all closed when burning, and the fuel is not completely burned. The amount of the
fuel in the analysis can be found in Table 2.
Table 2. Amount of the fuel in the compartment.
Wood furniture Cotton textile Plastic decorative Carpet Paper Leather goods Else
Weight mc/kg 300 36 14 32 9 3 13
Combustion value Hc/(MJ·kg−1) 19 20 35 19 17 19 16
Fire load density can be obtained by formula (2) in the Ref. 13 asQL =∑mc×Hc = 7936 MJ,
qki = (∑mcHc)/Af = 314.9 MJ/m2. Here QL is ﬁre load, qki is ﬁre load density in the compart-
ment, mc is gross mass of combustible material, Hc is available heating value of combustible
material, and Af is gross ﬂoor area of the compartment. The rate of heat release is assumed to
be a medium speed, since doors and windows are all closed. The ﬁre type constant α is 0.011 27
according to Ref. 11, so we have the release rate of heat Q = αt2 = 0.01127t2, QL = Qt =
0.01127t3, and the ﬁre duration t = (QL/α)1/3 = 596.9 s.
Duration time of the ﬁre is regarded as 600 s based on the above calculation, and we build a
model for thermal analysis. For simplicity, the ﬁre is assumed to happen in a single compartment
and the ﬁre does not spread to other rooms. A plane frame is modeled for the thermal analysis
with solid element and the ISO-834 Curve, and the surface of component is assumed to have no
protection. Then we can get the temperature distribution of the plane frame as shown in Fig. 9.
From Fig. 9 we can see that, after 600 s the maximum temperatures of ﬁre beam and ﬁre col-
umn ﬂank edge reach 710◦C and 480◦C. This temperature distribution is loaded to the plane frame
model for thermal analysis. Results obtained from thermal analysis under thermo-mechanical
loads are shown in Figs. 10–12.
Based on above calculation, we can then obtain the failure criteria for frame component.
Criterion I of ﬁre column is dδ/dt  l2/(15h) = 33002/(15×500) = 24.2 mm/min, Criterion I
of ﬁre beam is dδ/dt  l2/(15h) = 42002/(15×600) = 32.67 mm/min, and Criterion II of ﬁre
column (beam) is δ  l/20= 3300 (4200) /20= 165 (210) mm.
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Fig. 9. Temperature (◦C) distribution of the plane frame.
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Fig. 10. Displacements (mm) of beam-column joint in (a) X direction and (b) Y direction at 600 s
As shown in Fig. 11, deforming rate of the top of ﬁre column is−5.31 mm/min at 900 s, which
does not exceed Criterion I of ﬁre column and satisﬁes the safety requirement. Deformation rate
of the middle of ﬁre beam is 39.12 mm/min at about 840 s, and reaches 92.11 mm/min at 900 s,
which has exceeded the failure criterion. The deformation is 225.1 mm at 900 s. To sum up, the
frame beam does not meet the safety conditions, namely the frame beam will quickly damage
because of the deformation has reached the limiting condition.
To further evaluate the safety level, we can calculate the interlayer displacement δ  h/30=
3300/30 = 110 mm. The maximum displacement between the layers is 38 mm as shown in
Fig. 12, and it meets the safety conditions.
Our analysis shows that neither the steel frame nor the ﬁre column exceeds the criterion, and
they are safe. Fire beam has reached its stability bearing capacity limit and it is not safe anymore,
and a reinforcement or repair or replacement of components is required.
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Fig. 11. Deforming rate in the middle of ﬁre
beam and on the top of ﬁre column.
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Fig. 12. Displacement in X direction versus
time of Layer 1 and Layer 2.
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Based on the analysis of a plane frame, the following conclusions are obtained. (1) Tempera-
ture of beam-column joints changes quickly, and its distribution is quite uneven. Non-uniform
temperature stress is easy to arise in this condition and redistribution of internal force occurs.
This leads to plastic changes or local damage. The beam-column joints are safety vulnerabilities
of steel frame. (2) Thermal effect becomes more obvious when temperature increases. Rigidity
of ﬁre beam decreases, and deﬂection becomes higher. Deforming rate is low before 600 s, and
becomes higher after 600 s because of the plasticity development and the loss of unceasing ac-
cumulation capacity. Then the deﬂection increases rapidly and the steel frame gradually loses its
bearing capacity. (3) Inﬂuences to the steel frame and frame components under different ﬁring
positions are different. Difference is still small in the elastic phase. However, in the plastic phase,
deﬂection of ﬁring side-span changes more quickly than that of ﬁring middle-span, and it causes
a larger displacement to steel column. That means side-span ﬁring is danger than middle-span
ﬁring. (4) Analysis of an instance project is given to illustrate the proposed safety evaluation
method. Our study can facilitate a better reference for ﬁre resistance design of the steel frame
structure and post-disaster safety evaluation.
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